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ABSTRACT 
Transgenic maize containing the Glu-1Dx5 wheat gene has been produced, and the 
transgene has been shown to transmit poorly through the pollen of maize. The objective of 
this project is to understand the mechanism and physiology of pollen transmission of glu-
1Dx5 wheat gene in maize. We hypothesized that germination rates for transgenic maize 
pollen would be lower than non-transgenic maize pollen. We screened the kernels from 
event 190 for the presence or absence of the HMW glutenin subunit 1 Dx5 by immuno-blot 
analysis. We then studied the germination rates of the pollen grains on media containing 
calcium, boron, and sucrose, and determined the percentage of transgenic and non-transgenic 
pollen grains with pollen tube growth. Pollen grain germination rates of maize that contained 
glu-1Dx5 were not significantly different from maize that does not contain glu-1Dx5. A 
second hypothesis that we tested was that mature pollen DNA of event 190 (one of the Glu-
1Dx5 containing transformants) did not contain glu-1Dx5 wheat gene. This could occur for 
example if the pollen containing the transgene failed to develop normally. We used PCR 
analysis to observe the presence of glu-1Dx5 along with the Bar gene, because it was co-
bombared with the glu-1 Dx5 construct in the pollen and anthers of event 190. We detected 
Glu-1Dx5 in the pollen and anthers of maize plants derived from seeds containing 1Dx5 in 
the endosperm. Glu-1Dx5 was present in pollen but not the anthers of plants that did not 
contain 1Dx5 in the endosperm. We conclude that the glu-1 Dx5 wheat gene is in the mature 
pollen grain and induces reduce pollen viability in transgenic plants. 
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CHAPTER 1. LITERATURE REVIEW 
Introduction 
Plant breeders and seed companies have used biotechnological and molecular 
strategies to improve the nutritional value and quality of crops. They have done this by 
introducing genes from other organisms such as bacteria and other plant species into crop 
genomes. Transgene containment and the possibility of transgenes contaminating native 
plant species are cause for concern. Transgenes can be transferred to non transgenic varieties 
of the same species or, to native plants that are related to the crop containing the transgene, 
potentially creating problems for the environment and food supply. In cross- pollinated 
species this can occur when transgenic pollen pollinates non-transgenic plants . Therefore, 
the development, viability, and transmission of pollen are important when considering the 
introduction of a genetically modified organism into the environment. 
Maize transformed with the high molecular weight glutenin subunit, 1Dx5, from the 
glu-1Dx5 wheat gene has been developed by Sangtong et al. (2002). Glu-1Dx5 contributes 
to the visco-elasticity properties exhibited by bread wheat. Glu-1Dx5 has been shown not to 
be transmitted efficiently through pollen, and therefore may be useful in strategies for gene 
containment (Sangtong et al. 2001). The present study was undertaken to understand the 
mechanism and physiology of pollen transmission of 1Dx5 in maize. This review will 
provide the background information regarding research of the mechanisms of pollen 
development and transmission, the importance of glu-1Dx5, and 1Dx5 transformed maize. 
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Pollen Development 
Pollen development in maize begins after meiosis. Pollen development involves 
molecular changes of maturing microspores to pollen tube growth that releases two sperm 
cells that fertilizes the egg of the embryo sea (Cook and Walden 1965). To analyze and 
study pollen development offers the opportunity for plant biologists to answer questions 
concerning the genetics and metabolism involving higher plants (Cook and Walden 1965 and 
McCormick 1993). 
The earliest stages of pollen development take place within the anther. Male 
gametogenesis begins in the anther's sporogenous tissue, with the production of 
microsporocytes, called the pollen mother cells. The mother cells divide during meiosis 
generating a dyad in the first meiotic division, and a tetrad of haploid cells in the second 
meiotic division (Mascarenhas 1989). The haploid cells go through an asymmetric mitotic 
division to form a two-celled microspore, or bi-nucleated microspore. Each microspore 
results in a pollen grain that contains a large vegetative cell and a small generative cell 
(McCormick 1991 ). The generative cell is located within the vegetative cell creating a "cell 
within a cell" structure (Xu et al. 1999). Although the generative cell is small, it undergoes a 
mitotic division to form two sperm cells (Mascarenhas 1989). 
Following deterioration of the tetrad comes the formation of the pollen grain wall 
(Scott et al. 1991). The pollen grain wall encloses the vegetative cell (Xu et al. 1999). There 
are two layers that comprise the pollen cell wall collectively known as the sporoderm. The 
intine, the inner layer, contains cellulose and is very similar to the plant cell wall. The outer 
layer, the exine, is resistant to chemicals and preserves the pollen grain's characteristic form 
(McCormick 1991 ). Molecules of the pollen grain surface provide the contact necessary to 
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initiate adhesion to dry stigmas and for germination on wet and dry stigmas (Taylor and 
Hepler 1997). 
As the pollen grain matures, other changes occur within the anther that will aid in the 
release of the pollen grain. The tapetum, tissue that lines the anther wall, provides the pollen 
grain with nutrients and the properties needed for the structural development of the pollen 
grain. During pollen development, the tapetum deteriorates and some of its 'debris' collect 
on the pollen surface (McCormick 1991 ). The anther wall begins to deteriorate, undergo 
structural changes, and rupture (an thesis) and the mature pollen grain is released, where 
pollen maybe carried by wind, rain, or insects to the awaiting silks (Mascarenhas 1989). 
When the pollen grain lands on a silk, the grain hydrates and gains polarity and 
germinates (Franklin-Tong 1999). During germination, the vegetative cell extrudes a pollen 
tube in which the stored contents, including RNA, protein, and bioactive molecules, allow 
the pollen tube to grow very rapidly towards the ovule (Taylor and Hepler 1997). In maize, 
the germination process can be as fast as five minutes from the time the grain lands on the 
silk (Mascarenhas 1993). The two sperm cells start to move out of the pollen grain and into 
the tube (Steer 1989). One of the sperm cells will fertilize the egg cell while the other sperm 
cell will combine with the central cell to produce the endosperm (Xu et al. 1999). 
Physical Properties of Pollen Grains 
Maize pollen is one of the largest in size in the grass family (Gramineae ). The 
diameter of the maize pollen grain ranges from 90 to I OOµm. The shape of the pollen grain 
is spherical to ovoid, with a protruding aperture, and the surface is smooth (Weber 1998). 
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The average volume and weight are 700 x 10-9cm3 and of 247 x 10-9g, respectively (Emberlin 
et al. 999). The viability of pollen can range anywhere for 24 hours to several days, 
depending on the weather conditions (Walden 1967). 
Problems of Inadvertent Pollination 
Plant breeding research has made great advances in crop improvement in recent 
years allowing transgenic crops such corn, squash, wheat and canola, to be grown over 130 
million acres world wide ("Going with the flow" 2002). These advances have included the 
introduction of a variety genes into crop plants to produce genetically modified crops 
(Reboud 2003). This biotechnology allows scientists to understand plant processes, 
metabolic pathways, and gene function (Wisniewski et al. 2002). Scientist have used plant 
genetic engineering manipulate crops to improve nutritional value of crops for use as edible 
vaccines, and to withstand herbicides and insects in the field. However, the modification of 
crops is a source of environmental concern, it introduces the fear of the introgression of these 
genes to their wild relatives, and the creation of herbicide resistant weeds, contamination of 
the food supply, and genetic erosion (Quist and Chapela 2001). 
There are two ways that genes can move between genetically modified crops and non 
genetically modified crops or their wild relatives (Daniell 2002). One is natural pollen 
dispersal and the other is seed distribution. Gene flow via pollen shed depends on several 
environmental conditions such as temperature, wind speed and direction, and distance 
between crops and other plant species (Jemison and Vayda 2001 ). Other factors that can 
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modify this route of to potential gene flow are the amount of pollen produced, viability, 
density, survival from toxic substances by pollinators, and dormancy (Daniell 1999). 
Seeds of generated new hybrids can easily be distributed accidentally among 
populations during harvest. The new hybrid seed will germinate during planting and harvest 
producing a mixed population. Seeds can produce a successful fertile hybrid with a weedy 
species that will have the trait (Daniell 2002). Plants that are formed from the hybrid will 
produce pollen that will lead to gene flow through pollen dispersal. This will continue to be 
an ongoing cycle. 
One of the concerns of pollen escape is the development of "superweeds" that are 
resistant to herbicides (Daniell 2002). Keeler et al. ( 1996) states "If biotechnology produces 
a plant that interferes with someone or something, it has produced a weed, regardless of 
taxonomic identity of the plant species". Superweeds are developed when pollen from a 
genetically modified crop spill over onto related varieties or other plant species (Daniell 
1999). This can be a serious problem for farmers when trying to grow their crops. The 
production of superweeds has caused problems with using some of the herbicides on major 
crops One such example is oil rapeseed, canola which has spread its herbicide resistant trait 
to related weeds, that are resistant to three different herbicides (Marvier 2001 ). 
Gene flow to wild relatives has been documented in quinoa, squash, carrot, maize, 
sorghum, sunflower, strawberries, and sugar beet (Gray and Raybould 1998). They have 
documented fourty-four cultivated plants that can mate with their wild relatives. This poses 
a potential risk to the genetic diversity particularly in areas of crop origin. Genetic erosion 
and contamination of the natural gene pools of crops has been a heavily debated concern 
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(Gray and Raybould 1998). Maintenance of genetic diversity is important for food security 
and evolutionary history of crops (Quist and Chapela 2001). 
Contamination of the human food chain by gene flow from genetically modified 
crops is of major concern. StarLink™, an animal feed, is a modified corn variety that 
contains a pesticide protein from the bacteria Bacillus thuringensis. The protein pesticide 
kills specific corn pest such as the European corn borer. StarLink also contains genes from 
bacteria, Streptomyces hygroscopicus, that make it resistant to a broad range of herbicides. 
There were genetic traces of StarLink corn detected in Kraft's taco shells in September 2000, 
causing Kraft to pull their product from the grocery store shelves (Segarra and Rawson 
2001). 
Although there is no known immediate human health threat from gene flow, organic 
producers fear losing their certifications if foreign genes are found in their crops (Jemison 
and Vayda 2001 ). Gene flow from genetically modified crops through pollen has also 
threatened Canadian honey producers. The European Union has banned honey imports from 
Canada because farmers can not guarantee the pollen their bees feed on is free from 
genetically modified pollen, costing Canadian honey producers millions of dollars (Munro) 
Proposed Mechanisms to Control Inadvertent Gene Flow 
The biotechnological strategies that help introduce new traits to improve plant 
nutrition and quality also makes necessary new approaches to gene containment in transgenic 
crops. Transgenes are usually inserted into the nuclear genome and thus the transgene can be 
transmitted through the pollen (Gray and Raybould 1998). Some of the strategies to prevent 
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gene flow through pollen include using maternal inheritance, and male sterility. Other 
mechanisms that plants have developed include apomixes, cleistogamy, genome 
incompatibility, and the induction or deletion of genes (Daniell 2002). 
Nonetheless controlling gene flow through pollen has been difficult for private seed 
companies and traditional breeders. Breeders also have developed a method to prevent the 
introduction of foreign genes (Garcia et al. 1998). Mexico is the center of maize origin, 
therefore wild relatives, including teosinte, exist there. One step taken has been to detassel 
transgenic maize and use it as the female therefore eliminating pollen escape using the 
transgenic maize plant as the pollinator (Luna et al. 2001). 
Maternal inheritance helps to reduce introgression of genes through the pollen. 
Engineering plants that contain the foreign gene in the chloroplast is a method used to reduce 
gene flow through the pollen (Daniell 1999). The use of the chloroplast DNA is 
advantageous when out crossing in genetically modified plants (Daniell 2002). There are 
studies on the green alga Chlyamydomonas reinharditi and the tobacco Nicotiana tabacum 
plant in which the chloroplast is targeted as a means of controlling inheritance of traits. The 
chloroplast genome does not obey Mendelian rules of inheritance in that it is inherited only 
through the maternal cytoplasm and gene containment is possible because the transgene is 
not transmitted through the pollen (Ruf et al. 2001 ). 
Also, maternal inheritance prevents gene stacking which is exhibited by oil rapeseed 
(Gray and Raybould 1998). Scott and Wilkinson (1999) examined the chloroplast exchange 
of transgene between oilseed rape its wild relative, Brassica rapa, under natural conditions. 
They studied plastid inheritance, incidence of forming mixed populations, introgression of 
oilseed rape outside of agricultural limits, and gene flow. They concluded that transgene 
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introgression is not likely to occur, even in short lived populations. Therefore, gene flow 
with transgenes located in the chloroplast genome is rare and unlikely. 
Male sterility is another mechanism utilized in controlling gene flow. Male sterility is 
only possible when the product of the crop is not a seed or fruit that requires fertilization 
(Daniell 1999). One way this is achieved is by inducing gene mutations that interfere with the 
formation of the tapetum layer of the anther wall. Male sterile transgenic plants could be 
used as females in grain production. This would be a good method of controlling gene flow 
because plants could not produce pollen that would cross pollinate any of their wild relatives. 
Cleistogamy, self fertilization with flowers remaining unopened, has been proven to 
be effective in gene containment, but is limited to certain crop species (Daniell 2002). 
Importance of Glu-1Dx5 
Breadmaking is one of the world's oldest technologies (Shewry et al. 1995). The 
proteins and nutrients that are contained in wheat make it an important component of human 
diets (Payne 1987). When flour and water are mixed together, they form a dough that is 
both elastic and extensible (a property called visco-elasticity), which is the result of the 
biochemical properties of a storage protein family called glutens. Wheat is a hexaploid, thus 
made up of three equivalent genomes, A, B, and D. The A, B, and D genomes contribute 
various gluten proteins (He et al. 1999). The D genome in particular is where 1Dx5 is 
located in wheat (Barro 1997). 
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Glu-1Dx5 Protein Structure 
Bread flour is made from Triticum aestivum, a wheat that is complex and unique 
(Ahmad 2000). The ability to make bread that is elastic and extensible stems from the gluten 
proteins (Barro et al. 1997). Wheat gluten is a major component of dough and contributes to 
its functional properties (He et al. 1999). Gluten proteins are characterized by their 
solubility in water or alcohol, which causes gluten to be readily workable (Shewry et al. 
1995). Gluten contains two major groups of proteins: gliadins and glutenins (He et al. 
1999). Gliadins are small molecules of approximately 35000 Da, while glutenins are large 
heterogeneous molecules connected by disulfide bonds (Payne 1987). 
Glutenins can be further divided into two groups; low molecular weight (LMW) 
subunits, and high molecular weight (HMW) subunits. The HMW subunit group in 
particular is important in developing visco-elasticity in wheat. This subunit group has both 
qualitative and quantitative affects on the quality of wheat (Barro et al. 1997). 
HMW Structure 1Dx5 
Hexaploid wheat contains six HMW subunit genes (Ahmad 2000). Together the six 
genes make up the loci called Glu-1. Group 1 chromosomes of the A, B, and D genomes are 
primarily responsible for the visco-elasticity property exhibited by wheat (Alvarez 2000). 
There are two types of each gene on the group one chromosome, the x- and y- type (Payne 
1987). 
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Each subunit comprises about 2% of the total protein, (Alvarez et al 2000). Because 
of the variation in HMW subunit number in different genotypes (He et al. 1999), the gene 
which actually contributes to visco-elasticity in wheat can be deduced. lDx, lDy, and lBx 
are present in all cultivars of wheat. It can be further deduced specifically which alleles 
actually contribute to visco-elasticity. In particular, 1Dx5-1Dy10 are associated with good 
quality bread making (He et al. 1999). 
Differences in structure and properties of different HMW glutenin subunit, allow 
scientists to distinguish between good quality and poor quality alleles. One important 
difference is the of cysteine residues, and how many and how they are dispersed. Cysteine 
residues are the site of inter molecular cross-linkage. The elastic properties are a function in 
part of how much cross-linkage takes place. High-density cross-linkage gives rubber-like 
elasticity, while low-density gives more of a stretchable elasticity. Cysteine residues are 
located near the N- and C- terminal end of HMW subunits. (Blechl and Anderson 1996). 
Other structural properties of 1Dx5 also make contributions to the visco-elasticity of 
wheat. CD spectroscopy showed that the N- and C- terminal areas are a-helical, and the 
central domains are repeated ~-turns with rod-like structures (Alberti et al. 2001). This 
structure is referred to as a ~-spiral conformation and is partly the cause of allelic differences 
between good and poor quality of wheat (Gilbert et al. 2000). Altering the central domain can 
disrupt the stability, which in turn affects elasticity. The central domain forms hydrogen 
bonds within and between subunits (Shewry et al. 1995). These mechanisms play an 
important part in the function of the 1Dx5 subunit gene. 
The 1Dx5 gene is made of 827 residues (Mr 88 128) and has a central domain of 696 
residues (Gilbert et al. 2000). Alberti et al. (2000) characterized I Dx5 as containing 37 .0% 
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mol glutamine, 17 .9% mol glycine, 13.5% mol proline, and smaller percentages of other 
amino acids such as serine (6.1%), tyrosine (6.0%), leucine (4.7%), alanine (3.2%), threonine 
(3.0% ), valine ( 1.8% ), glutamic acid ( 1.8% ), and arginine ( 1.5% ). The amino acid 
composition may have affects on hydration of the subunit (Alberti et al. 2001 ). 
Function of Glu-1Dx5 in Wheat 
Anderson et al. (1989) cloned the 1Dx5 subunit gene. The 1Dx5 gene was isolated 
from the cultivar, Cheyenne, and located on an 8.7 KB Eco Rl fragment. The gene encodes 
a protein of 88 128 Da with 827 amino acid residues. The cloned 1Dx5 gene has shown to be 
functional in tobacco (Roberts et al. 1989) and E. coli (Galili 1989). 
Analysis of the structural and functional relationships of 1Dx5 has been possible by 
the development of transgenic wheat. Popineau et al. (2000) studied over expression of 
1Dx5 gene in transgenic lines of wheat. They confirmed by SDS PAGE analysis that 
proteins produced by the transgene accumulated and found the molecular mass was close to 
those of the wild-type subunits. Over expression of 1 Dx5 caused the accumulation of 
glutenin, and an increase in connectivity of the gluten network which resulted in abnormal 
mixing behaviors (Popineau et al. 2001). 
Alvarez et al. ( 1999) also studied over expression of 1Dx5 gene in transgenic wheat. 
In one transgenic line, there were at least six independent insertions of the 1Dx5 gluten 
recovered. When 1Dx5 was expressed an increase in proportion of total protein was 
observed. The presence of the HMW subunit was detected by SDS PAGE and the insertion 
of the transgene was confirmed by Southern hybridization analysis (Alvarez et al, 2000). 
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Over expression of 1Dx5 and the effect on quality and quantity total endosperm 
proteins has been characterized by densitometric analysis of gels (Alvarez et al. 2000). Over 
expression of 1Dx5 increased total protein from 2% to 4.8%. This overexpression 
experiment showed that 1Dx5 contributed greatly to the amount of HMW gluten in total 
endosperm protein (Alvarez et al. 2000). 
In order to understand effects of HMW subunit glutenin on functional properties of 
wheat, wheats containing HMW subunits glutenin must be compared to the varieties that do 
not contain the HMW subunit glutenin. Durum wheat, a tetraploid, does not contain the D 
genome, and because the D genome is not present, its dough is not as elastic. Durum wheat 
is used for breadmaking only in Southern Italy, Africa, and West Asia, where mostly flat 
bread is eaten (He et al. 1999). 
He et al. ( 1999) transformed durum wheat in order to express the HMW subunits, 
lAxl and 1Dx5 and evaluate elasticity. The transgenic wheat was analyzed using SDS-
p AGE to identify homozygous plants. Mixographs were also used to identify the presence of 
the genes by the mixing time and resistance. With the addition of the HMW subunits lAxl 
and 1Dx5, mixing time and resistance were increased (He et al. 1999). Determining the 
genotype of alleles has usually been done on the protein level using SDS PAGE. However, 
Ahmad (2000) employed the PCR techniques to identify genotypes, and found PCR more 
accurate and quicker for screening genotypes. PCR was used by He et al. ( 1999) in 
identifying the LMW glutenins of durum wheat, and a HMW glutenin gene. Identification of 
genes contributing to good and poor quality has not been done. 
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Expression of Glu-1Dx5 in Corn 
Maize dough lacks the visco-elasticity properties expressed in wheat dough. Unlike 
wheat, maize endosperm does not contain the high molecular weight glutenin subunit, glu-
1Dx5 that contributes to this property. Sangtong et al. (2001) have developed maize lines 
that successfully produce glu-1 Dx5 in kernels. 
Sangtong et al.(2001) investigated tissue specific expression with various promoters 
and inheritance of 1Dx5. Four events were obtained and used for this analysis. SDS-PAGE 
analysis showed 1Dx5 accumulation in endosperm tissue, but not in leaf, pollen, anther, or 
embryo tissue, giving evidence that the wheat promoter acts similarly in both maize and 
wheat. 
In the events studied, the transgene transmitted poorly through the pollen (Sangtong 
et al. 2001 ). They found genotypic and phenotypic segregation ratios were consistent with 
insertion into the nuclear genome. The experiment used to show this was self and reciprocal 
pollination between the transgenic and B73 plants. Two transgenic events, 097 and 190, 
used did not have pollen transmission of the gene while two other events, 144 and 182, 
showed poor transmission. In the events in which the transgenic plant was used as the male, 
there was no protein detected in the kernels. However, when the transgenic plant was used as 
a female parent half of the kernels were positive for the protein. This is consistent with the 
model in which the transgene is inherited through the female gametes, not the male gametes. 
14 
CHAPTER 2. THE CHARACTERIZATIION OF POLLEN 
TRANSMISSION OF Glu-1Dx5 IN TRANSGENIC MAIZE 
PLANTS 
Introduction 
Transgenic maize plants have been produced containing the glu-1Dx5 wheat gene 
responsible for the visco-elasticity properties exhibited by wheat. Sangtong et al. (2001) 
previously observed that 1Dx5 accumulates in the endosperm of maize similar to wheat, has 
reduced pollen transmission, and shows maternal inheritance. These effects are believed to 
controlled by the promoter of 1Dx5 since transgenic plants expressing the same protein with 
a different promoter do not exhibit them. The event used in the present study is 190. The 
event construct p 190 contains the 5' wheat genomic fragment, including the glu-lD 
promoter, 1Dx5 coding sequence, and 3' wheat genomic fragment (Sangtong et al. 2001) 
(Figure 1). 
When event 190 was used as a male parent, 1Dx5 was not detected in the progeny, 
but when event 190 was the female parent fifty percent of the kernels of the Fl progeny 
contain the 1Dx5 transgene. Fl plants containing Glu 1-Dx5 that are self pollinated 
produced F2 individuals which segregated in a 1: 1 ratio. When the pollen of the Fl progeny 
was crossed to a B73 plant the resulting F2 generation did not contain 1Dx5. These results 
indicated that there is no pollen transmission in event 190 (Sangtong et al. 2001 ). 
The possible reason for reduced pollen transmission is glu-1 Dx5 is ectopically 
expressed in maize where this gene interferes with pollen development and fertility 
(Sangtong et al. 2001 ). This can result in pollen containing 1Dx5 being less viable than non-
transgenic pollen grains, or pollen that contain 1Dx5 may not develop at all. The purpose of 
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this study is to look at the pollen germination rates of plants that contain glu-1Dx5 and the 
plants that do not contain glu-1Dx5, and to determine if glu-1Dx5 is present in the pollen 
grains of transgenic. 
Materials and Methods 
Seeds 
The seeds used in this experiment were event 190 a construct containing the wheat 
gene 1Dx5 was previously co-bombarded with the bar gene (Sangtong et al. 2002) (Figure 1). 
Immuno-blot analysis 
Immuno-blot detection was carried out applying 5µ1 of extraction buffer (Tris pH 6.8, 
2% SDS, and 1 % ~-mercaptoethanol) to mature seed endosperm tissue exposed by abrading 
seed coat with sandpaper. The kernel endosperm wetted with buffer was then pressed to 
nitrocellulose membrane (Trans-Blot, Bio-Rad, Co.). The membrane was blocked in 5% 
non-fat dry milk in phosphate buffered saline (PBS) for one hour and then blotted overnight 
in PBS and 5% non-fat dry milk to which 25µ1 antiserum containing 1 Dx5 polyclonal 
antibody raised in rabbit was added. The membrane was rinsed in distilled water five to 
seven times and then incubated 1 hour in secondary antibody ( 1.7µ1 goat-anti-rabbit) in 5ml 
of PBS. The membrane was rinsed in alkaline phosphatase buffer, pH 9.5, and color was 
developed according to manufacturer's directions (Bio-Rad). 
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Plant growth and maintenance 
The immuno-blot screened seeds, transgenic seeds and seeds of B73 inbred were 
grown in the greenhouse in 2 gallon pots that contained Universal Mix soil (Consumers 
Supply Corporation, Iowa). The seeds were planted one inch deep, watered as needed, and 
fertilized once a week with Miracle Gro® Excel 15-15-15(Marysville, OH) until pollen shed. 
Pollen germination 
Pollen grains from newly dehiscent anthers were taken from the plant and sprinkled 
on pre-cleaned slides prepared and coated with germination media (75g sucrose, 0.216g 
calcium nitrate, 0.05g boric acid, and 3g bacto agar). The slides were incubated in a humid 
container for 20 to 30 minutes at room temperature. The slides were then removed and 
placed in a pollen killing and preservation solution (72% H20, 5% formaldehyde, 6% glacial 
acetic acid, 10% glycerin) until ready to view (Pfahler 1981). The grains were viewed under 
a light microscope (Leitz Laborluz 12) at 40X magnification. 
DNA extraction 
DNA was extracted and purified from 5 to 10 mg of pollen and anthers separately in 
l .5ml eppendorf tubes. The samples were ground in liquid nitrogen with a fitted pestle until 
powder. 400µ1 extraction buffer (200mM Tris-HCl pH 7.5, 250mM NaCl, 25mM EDTA, 
0.5% SDS) was added and mixed well by inverting the tube several times and kept on ice. 
400µ1 equilibrated phenol were added and mixed gently by inverting tube several times. The 
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samples were centrifuged for 10 minutes at 12000xg. The aqueous phase was pipetted into 
clean 1.5ml eppendorf tubes. 400µ1 chloroform were added and mixed gently by inverting 
tube several times. The samples were centrifuged as before. 300 µl aqueous phase was 
pipetted into clean eppendorf tube. 300µ1 ice-cold isopropanol were added to the aqueous 
phase and tubes were left on the bench 15 to 60 minutes. The samples were centrifuged for 
10 minutes at 12000xg. The isopropanol was aspirated off and, the tubes were inverted on a 
paper towel. The pellet was allowed to air dry for 15 to 30 minutes then washed in 70% 
ethanol, and allowed to air dry for 15 minutes. The DNA pellet was resuspended in 50µ1 
distilled deionized water and stored at 4 °C until PCR analysis. 
Polymerase chain reaction 
PCR was carried out in 20µ1 volume with 5µ1 template DNA, 1.5µ1 primers specific 
to the promoter of high molecular weight glutenin subunit 1Dx5 (SWDx5F: 5' -
ggattcgtgttgctggaaat-3' and SWDx5R: 5'tgccaacacaaaagaagctg-3'), and specific to the Bar 
gene (Barf: 5'-catcgagacaagcacggtcaacttc-3' and BarR: 5'-tcttgaagccctgttgcctccag-3') 3µ1 
H20, and 10µ1 SIGMA® JumpStart™ ReadyMixTM REDTaqTM DNA Polymerase (St. Louis, 
MO) via touchdown PCR protocol (94° for 5 min, repeat 35 time 94° for 30s, 60° for lmin, 
72° for 90s, and 72° for lOmin). PCR products were separated on 1 % agarose gel and 
visualized by UV fluorescence of the ethidium bromide stained DNA. 
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Results 
Immuno-blot analysis 
Because of the poor pollen transmission of Glu-1Dx5, transgenic lines are maintained 
as segregating heterozygotes. In order to identify which seeds to plant, it was necessary to 
determine which seeds contain the transgene and which do not. We did this using immuno 
tissue blot analysis. Kernels of event 190 were examined by immuno-blot analysis for their 
expression of 1Dx5 (Figure 2). There were a total of 42 seeds analyzed from event 190. The 
kernels were slightly abraded so that they can still grow to maturity when planted in the 
greenhouse. Following detection of the transgene, the color of the positive and negative 
seeds on the membrane were compared to known positives and negatives that were used as a 
control. There were 19 seeds that were scored positive and 23 negative scored seeds. Of the 
42 seeds that were analyzed and planted fourteen plants grew to maturity in the greenhouse. 
For a control, six B73 plants were planted in the greenhouse alongside the transgenic plants. 
Pollen Germination 
One reason why Glu-1 Dx5 is not transmitted efficiently through pollen may be 
because pollen carrying the transgene is less viable than non-transgenic pollen grains. To 
determine viability of transgenic maize and non-transgenic maize, pollen grain germination 
rates were examined and compared (Figure 3). Pollen grains were collected in the morning 
when pollen grains are most viable and incubated for twenty minutes on pollen germination 
media containing calcium, boron, and an osmoticant such as sucrose (Taylor 1997). They 
were stored in a killing and preservation solution at 4°C until they were ready for analysis. 
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This solution preserved the pollen grains, stops tube growth, and keeps the medium from 
drying. 
Approximately 500-1000 pollen grains per plant were visualized with a light 
microscope under a 40X magnification. These grains were classified as germinated, aborted, 
or not germinated. Grains that were classified as germinated showed one pollen tube growing 
out of the aperture when visualized under the microscope. Those that were classified as 
aborted, appeared empty, shriveled, or half full. Grains that appeared full and intact but with 
no pollen tube were classified as not germinated. 
One of the problems encountered with scoring pollen germination is bursting of the 
grains. High levels of bursting occured at high temperatures. Counting grains in areas of the 
slide with grains that burst was difficult. Therefore if there were burst grains in an area 
where clumps occurred, grains in this area were not counted. To try to alleviate this problem 
the temperature was maintained at 25°C when pollen grains were incubating. 
Pollen collection from individual plants was repeated every day during pollen shed. 
Multiple slides were prepared with pollen grains each day that-pollen was taken form the 
plant. Pollen tube growth could be detected five minutes after incubation. When visualized 
with the microscope, transgenic and non-transgenic grains appeared similar, that is, no 
physical differences were observed between the transgenic and non-transgenic pollen grains 
(Figure 3). The percentage of germinated grains was calculated for each slide and the 
average of several for each plant was determined (Table 1 ). There was not a particular day 
in which the germination rates peaked or were higher than usual in any of the plants. There 
was a large variation in germination rates for both the transgenic ( 11.3±5.66) and non-
transgenic pollen (14.7±7.4)(Figure 4). The average germination rates for transgenic and 
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non-transgenic maize pollen were compared using the Student's T with a 95% confidence 
threshold. A significant difference between germination rates of plants that contained 1Dx5 
and those that did not was not found. 
Glu-JDxS Presence in Pollen 
A second explanation for inefficient pollen transmission of the 1Dx5 transgene in 
maize is that the transgenic pollen fails to mature. In this case, the pollen shed by 
heterozygous Glu1Dx5 transgenic plants would not be expected to carry the transgene. In 
order to characterize and determine if the 1Dx5 transgene is present in the mature pollen, 
DNA was extracted and analyzed by PCR. Genomic DNA was extracted from the anthers 
and pollen of 14 plants from event 190 and B73 that were grown in the greenhouse. B73 was 
used as a control in this experiment to show there was no contamination in the DNA prep. 
22-1, a transgenic plant from event p 156, leaf DNA was used as a positive control, and H20 
was used as a negative control to show there was no contamination in the primers or Red Taq 
used in this experiment. The anther DNA was also a control in this experiment. The results 
were compared to those of the immuno-blot analysis that was used to determine if the plants 
were transgenic or non-transgenic before planting. 
To confirm that the DNA extracted from anther and pollen grains was of good 
quality, phi037 primers were used in a PCR (Figure 5). These primers are commonly used in 
maize mapping projects and are unrelated to the transgene. PCR was used to determine the 
presence of 1Dx5 with primers designed to detect the promoter region of 1Dx5. Also, 
because the 1Dx5 construct was co-bombarded with the bar gene, primers were also used to 
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detect its presence. If Bar is present glu-1Dx5 should also be present thus, PCR should 
amplify a 362 bp band if 1Dx5 is present, and 278 bp if Bar is present. 
The PCR analysis revealed DNA from kernels in which the transgene were detected 
with the immuno-blot analysis also contained the gene in the pollen and anther. Two plants 
that did not express the transgene did not have positive PCR results for presence of the gene 
in the pollen or anthers (plants 2 and 12 in Figure 6). These plants did not contain the Bar 
nor the 1Dx5 gene. These results are consistent with the fact that if there is no gene present 
then the gene could not be expressed. There were, however, four plants (6, 9, 11, and 15) 
that contained 1Dx5 in the pollen but not in the anthers. These results are consistent in the 
Bar gene PCR analysis. 
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Discussion 
The objective of this work was to find out if Glu-1Dx5 gene is present in the pollen of 
maize and if there is a significant difference in the germination rates of plants that contain 
Glu-1Dx5 versus those that do not contain Glu-1Dx5 
We expected that germination rates for the transgenic maize pollen would be much 
lower than that of the non-transgenic pollen, and the gene not to be contained in the pollen 
transgenic maize because male transmission is not observed in event 190. From this 
experiment we have concluded ( 1) a significant difference in pollen germination rates 
between plants that contain Glu-1Dx5 and plants that did not contain Glu-1Dx5 could not be 
shown, (2) Glu-1 Dx5 is contained in the pollen grains and anthers of plants that express the 
HMW glutenin subunit. 
The germination rates of one plant varied greatly on multiple slides that were 
collected the same day. Germination rates could range between 1.04% to 20% in a plant. 
This result was consistent throughout the transgenic and non-transgenic maize pollen. 
Because of these low and variable germination rates, we could cannot reliably conclude that 
the trans gene is not affecting pollen germination. The pollen grains of the transgenic and 
non-transgenic plants looked viable when viewed with the microscope. Although they 
looked viable they did not produce a pollen tube producing low germination rates. The low 
pollen germination rates in transgenic maize pollen could be due to Glu-1Dx5 causing 
reduced viability in the transgenic maize pollen grains that contain Glu-1Dx5 and the pollen 
grains that produced a pollen tube did not contain Glu-1Dx5. 
Another reason for low germination rates are these plants were grown in the 
greenhouse which are not good conditions for maize growth. Greenhouse conditions are not 
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ideal for crop plants that prefer field conditions. Maize grown in the greenhouse are not as 
healthy, which causes maize to be stunt in growth and produces pollen grains that may not be 
as viable. This in turn can be a cause for the low germination rates exhibited by the pollen of 
both the transgenic and non-transgenic maize. 
Each slide contained grains taken from separate anthers on the same plant, and this 
could cause the variability in the transgenic pollen germination rates that could be due to 
1Dx5 being contained in the pollen of one anther and not in another anther that was used on 
another slide. Some of the anthers may contain many sterile pollen grains, these are the 
anthers that had extremely low germination rates. 
The germination conditions could also have an impact on the low germination rates of 
the pollen grains. Germination in vitro can take place in a solution containing calcium, 
boron, and a type of osmoticant (sucrose in this study), but germination does not reach its 
maximum rate as in vivo, even with highly optimized germination media (Taylor and Hepler 
1997). 
Previously Sangtong et al. 2001 did not observe any male transmission in event 190. 
When DNA was extracted from the pollen grains of seeds that expressed HMW glutenin 
subunit 1Dx5 , Glu-1 Dx5 was present in the PCR analysis. The expression of the protein and 
the presence of the gene are correlated. There were four instances in which the Glu-1 Dx5 is 
expressed in the endosperm of the seed that was planted, the gene is not present in the 
anthers, but it is present in the pollen. This observance could be due to several things. One 
possibility is the plant could be mosaic. Mosaics occur when there is a genetic change in a 
plant when a foreign gene has been introduced (Szymkowiak and Sussex 1996), such Glu-
1Dx5 wheat gene introduced into maize. Mosaics could affect the genotype of the plant but 
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we do not know if there is a loss of a chromosome or any type of cytoplasmic changes that 
occur from the introduction of the Glu-1Dx5 wheat gene into the maize genome. What we 
do know is Glu-1Dx5 functions in maize endosperm similar to wheat. 
A second possible explanation for Glu-1Dx5 presence in the pollen of maize and not 
in the anthers may be how Glu-1Dx5 is incorporated into the genome or its chromosomal 
location. These factors can influence silencing of genes and cause mosaics to occur (Taylor 
1997; Szyrnkowiak and Sussex 1996). 
Understanding the mechanisms by which Glu-1Dx5 wheat gene is transmitted 
through the pollen is important in seed production, and the possibility of inadvertent 
pollination. Transgenic plants are stunted in growth, and the pollen from transgenic plants 
are not as viable. The maize plants used in this study were grown in the greenhouse which 
can cause development problems and the environment is not what maize plants need for 
optimal growth. The variable and low germinations rates of transgenic maize pollen is more 
that likely due to the reduction in viability of pollen grains due to 1Dx5 incorporation into the 
maize genome. We do know for sure that I Dx5 is located in the mature pollen grains and is 
inserted into the nuclear genome. 
Wheat genomic 
fragment 
Glu-lD 
promoter 
25 
Glu-1Dx5 Wheat genomic 
Coding sequence fragment 
Figure 1. Schematic diagram of construct for event 190. p 190 construct 
contained the Glu- lD promoter from wheat which is specific for 
expression in the endosperm. It also contains 1Dx5 general coding sequence 
and the 5' and 3' wheat genomic DNA. 
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Figure 2. Immuno-blot analysis of kernels in event 190. This experiment was carried out on 
nitro-cellulose paper. The blocks labeled ( +) and (-) are positive and negative controls 
respectively. Blocks 13 to 30 are test blocks respectively. The blocks which are colored are 
scored as positive (20-24, and 28) and the blocks with no color detect at all are scored as 
negative (13-19, 25-27, 29, and 30) for the presence of the HMW glutenin subunit protein 
1Dx5. This analysis was done before planting of the kernels in the greenhouse. This 
analysis was also used as a marker for the plants that are transgenic and those that are non-
transgenic. 
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(a) 
(b) 
Figure 3. Pollen grains on germination media. (a) non-transgenic pollen 
grains, (b) transgenic grains. The transgenic and non-transgenic grains 
very similar in their physical characteristics. The germination rates of the 
transgeni~ and non-transgenic pollen were not significantly different. No 
distinctions could be made between the grains on germination 
media. 
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Figure 4. The percent average pollen germination rate of transgenic maize and non-
transgenic maize. The germination rates for both the transgenic (11.3±5.66) and non-
transgenic pollen (14.7±7.4). (±indicates the standard deviation of each group) 
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Figure 5. PCR products of the transgenic and non-transgenic pollen grams and anthers 
(event 190), ethidium bromide stained gel using phi037 primers in both gel (a) and (b). 
phi037 primers are used to confirm that DNA was extracted from the pollen and anthers from 
event 190. 22-1 is the positive control template DNA that was extracted from leaf tissue, and 
H20 is the negative control used in this experiment to make there is no contamination from 
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Red Tag and primers used. There is a band present in all test template DNA lanes, which 
confirms that DNA was extracted from pollen and anthers of plants from event 190 and B73. 
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~362bp 
(a) 
~278bp 
(b) 
Figure 6. PCR products of the transgenic and non-transgenic pollen grains and anthers 
(event 190), ethidium bromide stained gel using (a) SWDx5 and (b) Bar primers. A- anther 
DNA, P- pollen DNA, N- non-transgenic, and T- transgenic. DNA was extracted from plants 
in event 190. 22-1 is leaf DNA used as a positive control, and H20 is the negative control 
used in this experiment to make sure there is no contamination in the primers and Red Taq. 
B73 genomic DNA is a negative control to show there is no 1Dx5 or Bar contamination in 
the DNA prep. The plants that contain 1Dx5 also contain the Bar gene. The plants that 
express the HMW subunit glutenin 1Dx5 also contain the gene in its anthers and pollen 
DNA. There were two instances in which the plant did not express the protein and did not 
contain the gene in its pollen or anther DNA, which are T2 and T12. Plants T9, T6, Tll , 
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and T15 had 1Dx5 wheat gene present in the pollen but not in the anthers. These plants did 
not have 1Dx5 expressed in the endosperm when screened by immuno-blot analysis. 
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Table 1. Average pollen germination rates of individual plants expressing the 1 Dx5 
HMW glutenin in the kernel tissue of maize. 
Event Plant Type #Grains Counted % Germination 
190 1 -/- 992 17.60 
4 1Dx5/- 501 7.71 
5 1Dx5/- 1207 3.85 
6 -/- 645 17.16 
7 1Dx5/- 582 27.02 
9 -/- 2672 25.84 
10 1Dx5/- 776 10.11 
l lB -/- 700 9.22 
l lP 1Dx5/- 895 0.28 
12 -/- 514 5.45 
13 -/- 1676 13.13 
15 -/- 520 14.48 
17 1Dx5/- 578 7.76 
20 1Dx5/- 948 22.62 
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